NANOMETER-SCALE ELECTROCHEMICAL PATTERNING OF LiMn;04
SURFACES BY AN ATOMIC FORCE MICROSCOPE OPERATING IN AIR

Robert Kostecki', Frédéric Bonhomme?,
Laurent Servant?, Francoise Argoul®, Frank McLarnon*

!Lawrence Berkeley National Laboratory
Berkeley, CA 94720, USA
?Laboratoire de Physico-Chimie Moléculaire,
UMR CNRS, Université Bordeaux I,
33405 Talence, France
3Centre de Recherche Paul Pascal,
33600 Pessac, France

Abstract

Electrochemical nanometer-scale patterning of the surface of a conducting
lithium manganese oxide (LiMn,O4) by scanning probe microscopy
(SPM) was studied. The ability to produce nanometer-size patterns of
chemically modified oxide or nanometer-sized alterations of the oxide
morphology is demonstrated and discussed with reference to possible
mechanisms. It is demonstrated that unlike the SPM-based surface
oxidation of metals and semiconductors, the LiMn,O, surface is altered
via electrochemically generated species. We show that a localized surface
chemical change can be confined to a depth which depends on the oxide-
tip voltage difference and ambient humidity. In situ Raman microscopy
measurements of localized electrochemical reaction products suggest
complex mechanisms of processes induced at the LiMn,0O, surface, such
as delithiation through Li-proton exchange and disproportionation of
LiMn,O, to MnO, and soluble Mn?* species

INTRODUCTION

The idea of generating patterned structures directly on a substrate has many
advantages versus traditional indirect lithography techniques which involve multiple-step
procedures. The ability to position the probe tip with sub-nanometer precision has
stimulated efforts to use scanning probe microscopes (SPMs) to fabricate nano-scale
features on surfaces [1-6]. SPMs have been used for nanometer-scale lithography on
ultra-thin polymer films [7], patterning by local oxidation of hydrogen-passivated silicon
surfaces [8,9], fabrication of single-electron transistors by the anodic oxidation of Nb
[10], micro-contact printing [11-15], and dip-pen nanolithography [16,17]. However, a
significant problem encountered when attempting to fabricate nano-features with
conventional atomic force microscopy (AFM) or scanning tunneling microscopy (STM)
is the presence of a thin water layer adsorbed or condensed onto the substrate. Such a
water layer can interfere with the probe tip motion, however it exhibits very high
conductivity [18] and serves as a medium for highly localized electrochemical processes
[19,20].



EXPERIMENTAL

We used an AFM to both image and modify the surface of the conducting oxide
LiMn,Oy in air [20]. The AFM tips were coated with thin layers of Pt or W,C. All AFM
experiments were performed in constant-force mode with controlled oxide-tip voltage
differences. A single scan of the tip over the oxide surface simultaneously produced two
images: a topographic image and a conductance image; the latter represents oxide-tip
current variations during scanning at a given oxide-tip voltage difference. Thin (~400
nm) films of LiMn,O, were deposited onto Pt or stainless-steel substrates [20]. X-ray
diffraction patterns and Raman spectra of the LiMn,Oy4 thin films confirmed a cubic
spinel structure with a Fd3m space symmetry group and a 0.819 nm cubic cell lattice
parameter. Raman microscopy measurements were carried out with a LabRam
microscope made by ISA Groupe Horiba.

RESULTS

Figure 1A shows a standard topographic
AFM image of a representative 5 x 5 um area of
a LiMn,0O, surface. A conductance image, A
represented by the oxide-tip current response of
the same area (not shown here) ata-1.0 V

voltage difference between the oxide and AFM 200
tip, displayed a uniform current distribution.
Throughout this paper we will define a positive 100
oxide-tip voltage difference to mean that the
oxide is poised positive relative to the AFM tip, 0

and vice versa. The current did not exceed 1.5 nA
and its magnitude was determined by the
electronic properties of the oxide and the tip, the
voltage difference, and the specific geometry of
both the tip and the oxide surface.

While experimenting with the AFM and B
LiMn,O, at ambient conditions and at different
oxide-tip voltage differences, we observed that 0
the current tended to decrease upon repeated 0.4
scans over a given area, and it decreased rapidly 08

with time when the tip was immobilized.
Importantly, the rate of current decrease at a
negative oxide-tip voltage difference was steady
and slow, whereas at positive voltage differences
the current dropped to zero within a few seconds.

. Fig.1. AFM images of surface topography (A)
L We then selected five _separate areas and conductance (B) of a LiMn,0, surface (5 X
within the same 5 x 5 um region, and we scanned 5 ,m) at ambient conditions, recorded at —1.0 V

each of them once at +1.0 V. Figure 1B shows a after surface modification of five areas produced
subsequent AFM image, recorded at -1.0 V, of at+1.0 V.

the same 5 x 5 um region. The conductance was

substantially reduced in the areas scanned at a



positive voltage difference with no visible change in the oxide surface morphology. In
contrast to imaging at a negative voltage, a positive voltage caused a rapid decline of film
conductance. The fact that the surface conductance declines irreversibly at both positive
and negative voltage differences at different rates suggests a similar mechanism, albeit
with different process efficiencies. However, by reducing the magnitude of the negative
voltage difference to <0.1 V we could suppress the resistance buildup while preserving
good contrast of the conductance image. These findings demonstrate that we can use a
positive oxide-tip voltage difference to modify the local conductance of the oxide in a
controlled manner, i.e., we can “write” with a negatively charged tip, and then “read” the
as-produced pattern with a positively charged tip. The as-produced pattern can be erased
by scanning over the entire region at positive voltage. We made several successful
attempts to modify areas ~20 nm wide, however
the relatively high surface roughness made it
extremely difficult to generate modified areas of
regular geometric shape. The surface
conductance modification at ambient conditions
was never accompanied by visible (via AFM)
changes of surface morphology.

Regarding the mechanisms by which
AFM modifies the LiMn,O, surface electronic
properties, the observed asymmetric oxide-to-tip
voltage dependence renders abrasion, local
heating, and hot-electron-induced reactions rather B
unlikely but lends strong support to
electrochemical processes. The existence of a
thin layer of adsorbed water on most materials
under ambient conditions has been - =
demonstrated by STM experiments on both :
conductive and non-conductive samples [18,21- o & .
23]. However, there remains a debate on X - g
whether the mechanism of charge transfer and ;-—H
image formation in STM experiments under a -
thin layer of water involves direct electron
tunneling or is similar to that in scanning
electrochemical microscopy (SECM). 10
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To investigate the role of adsorbed
water, a series of experiments in a N, 0 2 4pm
atmosphere at controlled relative humidity (RH)
levels was carried out. The effect of humidity Figure 2. AFM images of surface
on the rate of surface modification was topography (A) and conductance (B) of
dramatic and in direct proportion to the water a LiMn,0, surface recorded at -1.0 V.
vapor content. At RH levels close to saturation, Surface-localized etching was induced
the oxide-tip current did not vanish after a scan lr)ggli%?\(ﬂcgg?:rn;?gavg??rllg Z fgi ;:m
at positive voltage but remained high duriqg image) at +1.0 V in a H,O-saturated N,
several tens of scans over the same area. Figure atmgsz)here ~fter 40 sCans.
2 presents a set of 5 x 5 um AFM images (A —
topography, B - conductance) recorded at -1.0



V following 40 scans at +1.0 V of a 2 x 2 um area located in the middle of the 5 x 5 um
region. This experiment was carried out in H,O-saturated N, atmosphere. The
topographic image shows that scanning at +1.0 V at high RH led to localized etching of
the LiMn,QO, surface. Prolonged scanning at positive voltage etched a cavity 50 nm deep.
The morphology of the region which encircles the 2 x 2 um area was also modified,
mainly due to accumulation of reaction products which were removed from the cavity.
The conductance image shows a dramatic increase of the surface resistance not only in
the 2 x 2 um area but also in the surrounding region. The area of very low conductance
spread over the entire AFM viewing window, suggesting that the reaction products
formed in the hole were dragged away from the cavity by the AFM tip and spilled over
the entire region.

The non-conductive character of the reaction products not only renders them
detectable by electron-probe methods such as conducting-probe AFM and STM but also
limits the reaction penetration depth into the oxide at low-to-moderate ambient RH. The
LiMn,0O, film undergoes a shallow surface transformation at low RH with little or no
detectable morphology change. When the water content at the oxide surface is high, e.g.,
at high RH, the reaction products (which may be either water-soluble or hygroscopic) can
be penetrated by the tip and dragged away from the scanned area, thereby exposing fresh
LiMn,O4 material. The observed mounds on the sides of the cavity we created suggest
that an electrochemical process combined with abrasive etching created the cavity.

Current-voltage (i-V) curves of an immobilized AFM tip in contact with the oxide
were reported in [20]. We found that in the absence of water layer (zero relative humidity
environment) the current is basically limited only by the resistance of the film. The
substantial current increase in the presence of adsorbed water is consistent with a
contribution from electrochemical reactions, especially at high voltage. The non-
conductive reaction products rapidly formed an electronic barrier between the stationary
tip and the oxide.

The writing-reading process
and the i-V curves exhibited very
limited sensitivity to the tip material.
In a series of AFM experiments with
a W,C-coated tip very similar and g
reproducible results were obtained, @ﬂ/ B
however the surface modification frdn
process proceeded at a slightly higher b \
positive voltage. Because in all cases
the tip was in forced contact with \
LiMn,0O4, an interfacial resistance V\
must cause the oxide-to-tip voltage D

C 10 um

difference to increase until an A

electrochemical process could arise

at overpotentials specific for the tip Figure 3. An image of the reaction zone between the
and oxide. The resulting Pt tip and the LiMn,O, sample. The dark cavity in the
electrochemical reactions will be image center represents the point of contact. Arrows

limited to an area determined by the mark surface sites at which Raman spectra were
size of the water meniscus between recorded.



the tip and oxide, as well as the electric field and current distribution in the close vicinity
of the tip.

An in situ Raman microscopy experiment was carried out to identify local
electrochemical reaction products. The AFM tip was replaced with a thin 0.1 mm dia. Pt
wire and its sharp end was brought in contact with the LiMn,O, electrode. The ambient
relative humidity was nearly 100% in this case. A potential difference of 2 V between the
LiMn,O4 sample and the Pt wire was applied, and the electrode surface at the point of
contact was observed through the optical microscope and the current response was
monitored. The current diminished very quickly from the initial value and vanished
completely after 40-50 s of polarization. When the current dropped to zero the Pt wire
was removed and Raman microscopy analysis of the modified region was carried out.

Figure 3 shows an optical microscope image of the reaction region which was
created in the LiMn,Oy4 thin film by the
Pt wire at 2 V. The dark area in the
image center represents a cavity which
was formed at the point of where the Pt
wire contacted the sample.

Four Raman spectra were
recorded from the reaction zone and its
vicinity (Fig. 4). The spectrum of the
original material (A) is typical for the

LiMn,04 spinel and consists of a broad D
band centered at 630 cm™ and two

shoulders at 590 and 655 cm™. The C
Raman spectrum taken from the bottom

of the cavity (B) shows very similar B
features however, slight band

broadening is observed. Also, a new A

weak and broad band located at 860
cm™* becomes visible. Dramatic changes
in the lithium manganese oxide 200 300 400 500 600 700 800 900 1000
composition are observed as the Raman Raman shift (cm'l)

probe approaches the edge of the cavity. Figure 4. Raman spectra recorded of the
The spectrum measured at the inner part of the reaction zone. Original material (A), bottom

edge (C) shows a strong band a 655 cm g of the cavity (B), inner edge of the cavity
which is characteristic for Mn®" oxides and (C), outer edge of the cavity (D).
hydroxides. Surprisingly, the spectrum

recorded at the outer edge of the cavity (D) in

the bright shadow zone which surrounds the cavity displays a sharp peak at 590 cm™
which is characteristic for A-MnO, [24].

It is still difficult to identify the specific electrochemical reactions responsible for
modification of the original film at positive (anodic) voltage. Given the products of the
LiMn,O4 conversion, candidate reactions include the direct oxidation of LiMn,O4 to A-
MnO; and Li,O or LiOH and the simultaneous reduction of water and/or protons at the
tip. However, the formation of only A-MnO,, which preserves the original cubic spinel



structure of LiMn,O,, cannot explain the observed film dissolution and production of at
least partially soluble manganese compounds at high RH. Another conceivable
mechanism involves water oxidation at the LiMn,O4 film, which can lead to a local
decrease of pH and subsequent disproportionation of LiMn,O,4 into Mn(Il) and A-MnO,
[24]. Thus, the original LiMn,0O, structure will break down, and Mn(ll) and Li ions will
contribute to the solution meniscus ion conductivity and/or precipitate in the form of salts
and/or hydroxides to form a non-conductive electronic barrier. The thickness and
structure of the water layer (which depend on RH) determine the extent and rate of this
process.

In summary, we demonstrated the use of contact AFM for nanometer-scale
electrochemical lithography of thin LiMn,O, films. Although we used only LiMn,04
films in this study, this novel approach may be used to develop electrochemical reaction
schemes to image and modify other inorganic and organic materials which may be used
for the direct fabrication and detection of nanometer-scale patterns.
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